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Abstract

The energy demand is increasing andue to the enormous amount of pollution that comes from fossil
energy it is time to think alternatives.This thesis is about using hydrogemand energy storageto
produce power. The system is designed baden an expanding of wind farm aSmgla of 5013MW,

but without doing anything with the grid, which is close tats maximum capacity. The power

produced from the year 2015is usedto measure the differentcomponent size which is neededl'he
simulation of the system is used by Simulink with control to handle underproduction and
overproduction from the wind farm. The optimal size calculatedfor the system is, fuel cell with
capacity of 4,66MW, a hydrogen storage tank witi9,19 capacity and a alkaline electrtyser with
capacity of 50MW. The average hourly increase imne year is 11,59MW were 1,56MW is from the
fuel cell production. The average production has been increase from 45,7MW to 58,3MWhe change
gave an increase of grid utilization from 29,5% to 37%. The average production has been increase
from 45,7MW to 58,3MW which gave a totannual production 0f502,202GWh.The utilization of the
network capacity is increase byl1,592MWh. Howeverall of this increased power does not get
produced by the fuelcell alone. At times when the wind turbine produces less powehan the grid
capacity of 155MW, there would not be need to use the systemhé actual extrapower that comes
from fuel cell, electrolyss and hydrogen tank capacity i4.5578MWh. The cost ofthe project gives a
net loss of 966millionsNOK over a time period of 20years with use of the same power price as 2015.
For the project to go out in plus it is necessary to get an power price over 0,899NOK/kWh.
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Abbreviations

MW Megawatt(10"6watt)

MWh Megawatt hour(1076 Watt hour)

M/S Meter per seconds

M Meter

Rev/min Revolution per minute

Vv Voltage

AC Alternating current

DC Direct current

PEM Proton exchange membrane

Al Carbon dioxide

H Hydrogen

O Oxygen

NVES Nasjonalt Vindenergisenter (NationaWind Energy Center
AS

e Electron

E° Cell potential in voltage

JIK Joule/Kelvin

Kj Kilo joule

Pa Pascal

Mole Unit of measurement

¢ Cell efficiency (0,681 forelectrolyzer and 0,94 for

compressor)

EAHI T current running through the cells

Z number of electrons(O have 2)

F Faradays constant 96485 @ € a

MPP Maximum power point

PWM Pulse width modulation

Vii
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Chapter 1lintroduction

Smglawind park has a large power production and have been operative since 200Q2. It has 68wind
turbines installed[1], 20 turbines with capacity of 2MW and 48urbines with capacity of 2,3MW,
which gives the maximum total production to be 150,4MWWas shown inequation 1.1Between 2008
and 2015 the average yearly production wa833,18GNh[2]. This givesan average production of
39,0MW throughout the year. The maximuntapacity of the grd is 155MW[29], and with this we can
see that the average usage of the grid is 2%%, as shown inequationl.2 and that the production
from wind could be increased byan average ofLl16MW. The main issueavith the grid capacity is that it
has to be engineed to handle the maximum production from the wind at a instance production, and
not the average throughout the year. There arseveral solutiors for this. Gne way is to increase the
capacity of the grid, but this has been fountbo costly to be realized.3] Another solution for the issue
is to store the energy in terms of hydrogen production, storage and then to either ship the hydrogen
to another marked or to generate electric energy by fuel callThe electric production by use of
hydrogen is what thisthesis is takin one closer look at

Total power capacity from the wind park today. 3
¢l TYcmbw puvhdw (1.1

The average yearly grid capacity utilization,
—— cipob 1.2)

Average power available that could be fed out on the grid.

puvlbw ocww pplpw (1.3)

1.1 Motivation

The global Co2 emissions have baéncreasing annual for many yeargl] and in 2015, many of the
world leaders agreed to reducdhe emissiong5]. One solution ofreducing the Co2 emissions is to
include more energy from renewable energy from sun, water and wind. The main issue with use of
renewable energy is that the power needs to be generated and used instantly. This is when the sun
is shining, the wind is blowing or the water is falling. This conflicts with the demand for power
since people like to use power when they need it and not nessay when it is produced. With

water, it is possible tobuild a dam, which could hold energy depenithg on the size of the dam that
could later be used for power generationWith power from sun, wind and tidal wave it is more
difficult to store the energy. To store this energy it has to beamplemented storage in form of
electrochemical storage orlectrolyzer. The electrolyzer would in addition need atorage tank for
storing hydrogen andafuel cell for power generation. To use hydrogen for energy stoge and
power production has been known for a long time, but since the cost of using hydrogen for power
production relatively high compared to other sourcesit has notgot a big share of the total power
marked.[30] In the past few year there has been morcuson clean energy Several countries are
pushing on to make renewable energy sources take a bigger chair of the total power marked. One
example is the hydrogen car, which in Norway is sold with no tax. Measures like this could lead to
a higher demand ér hydrogen, and especially hydrogen produced from renewable energy like
wind power.
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1.2 Project Description

The objective of this thesis is to look for possible solutiasifor increasing the powergeneration

from the wind turbines at Smgla. This thesiss about increasing the power generation byhe use

of hydrogen. Another solution for increasing the power generation capacity is to increase the grid

capacity, and by this increase the maximum power capacity of 150,4MW. This solution have been
evaluated bythe grid owner, Statkraft, and found to be too costly to be realized.[3] If this had been
realized, then a large distance of power cables had to be installed with transformer and control to

implement it into the grid network.

Figure 1 Grid network around Smgala
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1.30verview ovehow the system is today

1.3.1 Wind turbinesinstalled

Today, there are two types of wind turbines installed. One type is from Bonus, which has a capacity of
2MW and the total installed turbines of this type is 20. The spdatation of this type is shown nekto
its figure.

Figure 2 Bonus wind turbine
Operational data

Rated power 2.000 / 400 kW

Rated wind speed 15,0 m/s

Cutin wind speed 3,0 m/s

Cut-out wind speed 25,0 m/s

Diameter 76,0m

Hub height 60,0 m

Swept area 4,536.46&

Number of blades 3

Rotor speed 11/16 U/min
Generator

Type asynchronous, poleswitchable
Speed 1000 / 1500 rev/min
Voltage 690 V

Grid connectionvia thyristors
Grid frequency 50Hz

The secmd type, which it is installed 48 of at Smglagis a Siemens wth a capacity of 2,8/W as shown
on Figure 3.

Figure 3 Siemens 2,1MW
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Operational data

Cutin wind speed 3-5 m/s
Nominal power at 13-14 m/s
Cutout wind speed25 m/s

Bladelength 40 m
Tip chord 0.8 m
Root chord 3.1m
Generator

Type Asynchronous
Nominal Power 2,300 kW
Hub heights 80 m

1.20vewiew of planned system

The planned block diagram of thenew system is shown orfFigure 5. The existing system is shown in
the middle with wind turbines connectedto transformers and out to the consumer marked load. The
new system have AC to DC diodeonnected to the wind turbine 3 phase 690VAC. This givesvoltage
of @ w6z Vio p p & BThis voltage iseduced by a buck converter to give the ratedurrent and
voltage ofelectrolyzer. This gives alectrolyzer with rated power of 50MW. The hydrogen and oxygen
produced are then compressen and stored in storage tanlntil it is used by the fuel cell. The fuel cell
are activated when the produced energfrom the wind are below 1504MW. This is maintained by the
fuel cell control and master control. The energy from the fuel cell are integrated to the grid trough a
boost converter and inverter.

Kart over Smela vindpark

Dyrnes
Raket

Smola

M Driftsbygning
© Vindturbin 2,0 MW
Vindturbin 2,3 MW
- Adkomstvei og internvei ‘
\

Figure 4 Overview of Smia wind park[1]

Figure 4 Overview of Smga wind park, shows how the system oc§mgla looks today. This thesis is
planning an increase of wind turbines which gives an increase in wind powénstalled capacityof
50,13MW. This would give an increase of approximately 22 wind turbines of 2,3MW each and then a
total increase of power by 50,6MW, as shown iequation 1.4.
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cachb o vt o (1.4)

—_—
e

L3
L e . 3
.
Fuel cell control

4 66MW
T - oy

Transformer

Load
22kV-> 132 &V

7 ‘ ransformer
. 3 phase wind turbines 690->22xV
200.53MW

Transformer 22kv- rated voltage
buck converter
SoMwW

Buck oto - Electrolyser control
uck converter _— -

H2 l

H2 OMW electrolizer with

pressurized tank urification and
ompressor

1 oz

Figure 5 Overview of new sysm

1.3Goals and Obijectives

1. Design component size for hydrogen production and fuel cells utilization with an increase
of 50MW installed capacity at Smgla wind park.
2. Make amodel in Matlab Simulinkto simulate
- the hydrogen production and power consumptiorwhen the power from the wind turbine
exceed the grid capacity
- fuel cell power generation and hydrogen utilization when the grid has available capacity.
3. Make aneconomicoverview over the total cost of the system over a period of expected life
time.

1.3.1 Assumption

- When studying the problemit has not made any calculation of the layout on the wind park
after the increase of 22 wind turbines. It is assumed that the power coefficient is similéo the
existing turbines thatis installed.

- The grid capaciy is set to 155MW. This is based on 2 transformgrat Smgla withatotal
capacity of 155MW, and the grid size after this point has not been considered.
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- The power production data that is being used is from 2015, it is assumed that the newly
production data will be the same as from 2015 multiplied with a factor of-.

1.4Methodology

In this thesis, the main objective was toincrease the power production ofSmglawind park with
50,13MW. Excel has been used for calculating the different size of componemthe system, where the
hourly production data from the year 2015 has been used.

When processing data in excelarious formulas have been implemented so the whole set of data was
processed when changing some of the parameter. This wascessaryto be abk to find the correct
value needed for tank size and fuel cell size.

For simulation of system wth integration to the grid, a model of the system iMatlab Simulink has
been usedThis set up in Simulink is as follows: PEM fuel cell of 5kW, B boost onverter, alkaline
electrolyzer 50kW and a back to back converter.

The model was scaled down sthat it was easier processed when doing the simulation. Fuel cell was
scaled down by a factor of 93,2and the alkalineelectrolyzer with a factor of 1000. Tre data has been
scaled up andhe correct size for the project is shown in the resuft. This is with a fuel cell of 4,66MW
and alkalineelectrolyzer of 50MW.The fuel cell that was used is an implemented version in Simulink.
The hydrogen flow rate was usd for controlling the desired power production.

The alkalineelectrolyzer has been made in Simulink based on formula and measurement 'V curve
from an alkaline electrolyzer cell[26]. The IV curve was extracted to excel, which has the built in
function for showing function of any graph. This function was used in Simulinkvhich showed the
current level based on voltage level. Since the hydrogen production is basel current[26:414], it
was possible to control thehydrogen production based on voltagdevel. The voltage level was
controlled with a buck converter that had aclosed loop.The system iscontrolled with logic for
regulating the hydrogensupplied to the fuel cell and the hydrogen produced by the alkaline
electrolyzer. This isfor maintaining the grid of 150,4MW.

For the calculation of theeconomicvalue of the project,approximate values frommanufactureshave

been used. NEL estimated that the cost of 5S0M®@lectrolyzer with compressor is between 200

300millions NOK[11],0,5MO/T [30:37] for storage tank and3000-4nmmOT ExE /&l O 0 %- /A&
cell[30:36]

1.5Literature review

For information regarding fuel cell andelectrolyzer and the energy needed for the chemical reaction,

ET £ O AGETT &£O0I i Al OOOCA O%. %t mp & Ovkbeerfuddd.iThis A£OT |
gave the information of the ideal performance of fuel cell andlectrolyzer, which have been used for
calculation of hydrogen and oxygen production. Alsahe energy needed for operation of the fuel cell

and electrolyzer have been gatheed from lecture notesfromthe AT AOO O%. %t mp &OAI

A study has been done by Jagath Sri Lal Senanayakawite OT PEA 001 xAO $EODPAOAE
Generators using Droop Control in Grid connected MiotC O E AJ6 The pamerdescribed how to

develop ard implement simulation model of a backo-back converter for a grid connectedvith a

micro-grid operation which operates as a separate AC power system through a DC interconnect. In
addition to this, the paper also describes how to analyse a grid connectedgth a micro-grid for

achieving high penetration of renewable energy.

/ITA PDAPAO xOEOOAT 11 bDEI OI 011 OAEA O3EIiI O1 ACETT A

6
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ET AOAT AT OA1 AT 1T AOGAOATAA -004 AlICI OEOQOEI O &£ O OI1
Vrajlal Rajani and Vivek Pandya is used as a base for extracting maximum power frim@l cell source
in Simulink model.

A paper from New Energy World@uel Cells And Hydrogen Joint UndérA E E T gh@verzidwlf the
market situation of fuel cell system and hgirogen storage and production today and expected
situation in the future. This,together with information from Henning Langas from NEL Hydrogen, was
used for calculating the cost of how the system.

The book@uel Cell Handbookby EG&G Technical Servicesic. The book shows the performance and
building of a range of different fuel celldechnology. It also shows how to optimize fuel cell systems
based on temperature, pressure, utilization and heat recovery. In this thedisis information has been
used togain knowledge of fuel cell system and the different system available.

The book(ydrogen Storage Technologigsby GodulaJopek writes aboutdifferent ways for storing
and handling hydrogen. The book covers storage withressure and with liquid and showsvarious
compressor techniques It this thesis it was used to tell how much energy waer compressing
hydrogen to 8 bar for easier storage.

Power measurementgiven to mefrom Pal Preede Revheim from NVE8nd this set of data showed
the hourly power produced by the wind farm atSmgla. The data was used as a base for an extension
of the wind park.

The publicationoHydrogen Production From Water Electrolysi§ Current Status and Future Trends
Luis M. Gandia, Pablo Sanchis reviews water electrolysis technadkgfor hydrogen production. It had
measuremens of | - V characteristic from an alkalne electrolyse cell. The papealso had formulas of
how much hydrogen that was possible t@xtract from the cell. These formulas from the curve and
paper was used in tke Simulation of the thesis.
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Chapter 2 Hydrogen production and utilization
Hydrogen as an energy carriehassome chemical reactios that arenecessary to look into when
deciding size and losses for the systerihis chaptershowsthe energy needed for producing
hydrogen and energy that is possible to gain from the fuel cell when using the hydrogen.

Renewable
Energy

Solar PV
(_Wind__] T
Geo-Thermal Electrcty Storage
fiar and

. o
Waste

E
Eﬁ‘
i

Figure 6 Differentways of producing hydrogen[19

Figure 6 shows the two main sources for producing hydrogepelectricity for electrolysis andcarbon
sequestration. The greerbox are from renewable productionand the orange is from fossil fuels. Fossil
fuelsis where the majority of the 'O are being produced[817]. In this thesis theproduction of
hydrogen will come from electricity and wind energy. For extracting hydrogen it is used water
electrolyses. This reactions shown in formulas 2.1, 2.2 and 2.[9:23]

Anode (oxidation)

2H20 —> O2+4H* + 4e E°= 123V (2.1)
Cathode (reduction)

4H20 + 4" —> 2H, + 4OH" E°=-0.83V (2.2)

Overall cell reaction:

2H:0 —> 2H2+ O E°= 2.06V (2.3)
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2.1 Thermodynamic potentialgvater electrolyzef18]

Quantity 2H20 2H2 Oz Change
Enthalpy  -571.66kJ 0 0 ( E uky
Entropy 139.82J/K  261.36J/K  205.14JK 433 E 1

Figure 7 Table of thermodynamic potential
The work done by the system.

W OVww pPTPOPMTOOPDAE & LG wp T cdofaé ag wiffic Xio o x pdu (2.4)
Since the enthalpy H= U+PV, the chge in internal energy U is

35 E-0m:06 E ¢ yBuirBkle 28E.1k] (2.5
This change in internal energy must be accompanied by the expansion of the gases produced, so the
change in enthalpy represents the necessary energy to accomplish the electrolysis. However, it is not
necessary to put in this whole amount in the form of electrical energy. Since the entropy increases in
OEA POT AAOO 1T £ AEOOI AE A Qided from th®énironfént abteniperatieedlT. A Al
The amount which must be supplied by the battery is actually the change in the Gibbs free energy:

' E-433 E ¢ y48.BW)o23ELk] (2.6)
Since the electrolysis process results in an increase imteopy, the environment "helps"” the process
AU Al 1T OOEAOOET ¢ OEA AiT1 O1 O 4338 4EA OOEI EOU 1 &
energy in other forms must be supplied to get the process to proceed.

Electrical energy Work to expand
input: AG = 237,13 kj Gases produced:
<\ PAV = 3,7 kj
- +

Energy exchange
processes for one

mole of water + DC voltage
AH = 285,83 kj

Forms ! , Forms
oxygen

hydrogen
bubbles Energy from bubbles
environment

TAS = 48,7 kj

Figure 8 Water electrolyze18]
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There are differentmethodsfor producing hydrogenby use ofwater electrolyzer. Since the cost of
PEM types are more expensivethan alkaline type mainly due to PEM uses noble metals(Pt, Ir, Ry),
Alkiline type have been chosen in this study.[1Q]

2.2Hydrogen production from alkalinglectrolyzer

The theoretical maximum value of hydrogen production fronelectrolysesis calculated by the use of
Gibson Free Energy. The free energy of combustion of hydragis the same as the freerergy of
formation of water. [9:28] This is shown informula 2.7 and equation 2.8

cz’'030 ¢O 0 2.7)

3 EJO0D czcoET T I (2.8)

The energy is calculatedor two mole of water, which has two mole of O. The free energyfor one
mole of O is-237.13Kji 1 1 as shown inequation 2.9

w0 — ¢ ol oQb T 1 (2.9)

The maximum energy that is going to b&ansferred into hydrogen is 50MW, whee the definition for
Watt is J/s [14:28] This would be a total energy production of 4,32*10"9Kpas shown inequation 2.2

VEMADOWUREPTW ZCEZYPHREPT ThhepnQ th @p w Q2.2

The production oftho @ p T "Rer day gives the maximum capacity ofO moles per day of 31,6*10"6
moles as shown irequation 2.3.Sincethe chemicalreaction only needshalf of oxygen moles when
producing the hydrogen as shown inequation 2.9, then the total moles of oxygen arefp Tt&p Tt
moles as shown inequation 2.4

¢
N
<

plg pyp M ¢ a Qi (2.3)

= x

op map ma £ a @i (2.4)

Hydrogen has a mole weight 01,008[14:38]. Since there arédwo molecules per molethe total weight
of hydrogen iso @ X ¢ x @ @Apbr 36,728Tonsas shown inequation 2.6.0xygen has a mole weight of
16,00[14:38], and one mole ofi has two molecules of oxygenThiscausesthe total day production of
oxygen to be291,5tons as shown inequation 2.7.

h

zczp @ pYp M€ A QO QX G XL WUYKG @ T (QUAOT CAf26)

10
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czapriap T | 1AS— cwptyuRNaepuié Hiowe (27

2.3 Size of alkalinelectrolyzer

The size have been set to 50MW for the syste Since the power from the wind tubine at nominal
speed would be larger than the grid can handle, then the size of tekectrolyzer was set to handle
maximum produced power from the turbines.This was set when defining the project since this size
would make system to be able to use all of energy produced from the win@he cost of the system if
bought by NEL is around 306400millions NOK and produce around 25tonn of hydrogen per day[11].
If this is compared with PELthe price for production would almostbe twice as much[12:13]

2.4 Effectiveness of thalkalineelectrolyzer

Since the production from NEL, the manufacture of alkalinelectrolyzer is given to be 25 bns of
hydrogen[11] this would give a production ofp ¢ 1 p Ttmole hydrogen as shown irequation 2.7
and @it 2 p tmole of oxygen as shown irquation 2.8

; p &t p T £ AN (2.7)

Ptz p T £ AQ (2.8)

The total production of 25Ton of hydogen would give an d&ectiveness of the system of 68% if we
compare it to the maximum theoretical production of hydrogen shown irequation2.9.

mpYypeipb (29)

= x

2.5Fuel cell

There are different sorts of fuel ceB thatwill work under different temperature ranges, efficiency
curves and with different material used. In this thesisthe calculation have been done wih a PEMfuel
cell. This hasbeen donemainly since the technology icommonly used and since it has the lowest
price per produced kWh compared to other fuel cell§l5]. The next sections showmow a PEM fuel
cell is built up. It gives an overview of howtiwork and how it produce energy.

11
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Figure 9 Overview over PEM fuel cell components

Figure 9 shows the schematic for alkaline fuel cell. The electrodes, anode and cathode contains of

carbon in the form of porous graphite fibre and catalyst made from catalyst. Between thesetrodes
will it produce a voltage difference that could be used for electricity. The catalyst is made from very

small particles of platinum supported on much larger particles of carbon. The electrolyte is made from

polymer sheet made from fluorocarbon. Tis leads the proton trough the membrane but not the

electron.

12
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2.5.11deal hydrogeroxygen fuel cell operatidt3]

Fuel energy input z
o Electric energy output
AG=285,83Kk]/mol AG=237,13k]/mol
e s e
Ideal hydrogen-oxygen

% : S
fuel cell operation CZSS\G&" S
NS S
drogen _&@v& QQ&*Q' Oxygen |
- S <
Hydrogen QQ*{Q\)% QQ<°\\ Oxygen
Hydrogen /E < Oxygen I
¥ - =
Hy = 2H™ +2e = 2H* + 2¢~ + 0 — H,0
J:'E Heat output
e e TAS=48,7k]/mol
H™ ions migrate ko
across electrolyte g

Figure 10 Ideal hydrogenoxygen operated fuel cgll3]

Combining a mole of hydrogen gas and a hatiole of oxygen gascan be used to produce aole of

water. A detailed analysis of the process makes use of the thermodynamic potentials. This process is
presumed to be at 298K and one atmosphere pressure, and the relevant values are taken from a table
of thermodynamic properties.

Quantity H2 005G H20 Change
Enthalpy 0 0 -285.83 k. pH -285.83 k.
Entropy 130.68 J/k 0.5 x 205.14 J/1 69.91 J/K T pS -48:7 kJ

Figure 11 Table of thermodynamic properties

As seen orFigure 11, the energy from the fuel cells provided by combiningthe atoms andby
decreaseng the volume of the gasesThe table showsenthalpy and entropy information at298K and
one atmosphere pressure. The system work is shown aquation 2.10.

O 0Ww pTIPOPp TOOPBA E & Qic @ wp T 0a ofd € &¢ WIIC X0 o x pOy2.10)
Theenthalpyis™O Y 0 @wThischange in internal energy U is shown irequation 2.11
WY w0 Vtww ¢ P& o CQO ¢ YFQL (2.11)

As shown inFigure 11 the entropy of the gases islecreasdby 48.7 kJ This is due tahe chemical
reaction in the fuel cellprocess wheremaking thewater moleculesis less than the number of

13
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hydrogen andoxygen molecules combininedSince the total entopy will not decrease in the reaction,

OEA AGAAOO AT OO0i DU ET OEA AiT 01O 433 1000 AA Ag
The amount of energy per mole of hydrogeiwhich can be provided as electrical energys the change

in the Gibbs free enegy shown inequation 2.12.

WO WO “YOY Y@l THEQ ¢ oxQL (2.12)

The maximum teoretical efficiency for a fuel cellat temperature at 298K and pressure of 1
atmosphere, it is possible to reach arefficiency of 83% as shavn in equation 2.13.

—ﬁﬁ TNTP Yob (2.13)

Chapter 3 Systemsimulation
This chapter contains systensimulation and calculation. Thehourly production data from 2015 has
been used for calculation the size of the components used. It has begtimized to make use of all the
hydrogen produced throughout the year and for maximize the power productionThese components
were then used in simulation in a model in Simulink.

3.1Yearly production calculation

To get an overview over the system on a ye§ basis, aexcel sheet has been madehis sheetuse real
value ofpower production from Smgla wind park The real measurement of production data from
Smgla wind park has been used. It has an hourly measurement throughout the year 2015. The values

were multiplies with a factor of - to get an estimate of the power production if the power was
increased by 50,13MW from 150,4MW to 200,53MWas shown inequation 3.1

puld wz- ¢ mmd (3.1)

Figure 37 shows the power production from Smglavind park in blue, where real data is used. The
datathat is used is from year 2015 vhere hourly measuremens have been used and calculated the
average for each month. The red line shows the estimated power production if the maximum capacity
of the wind park is to be increased by 5@ 3MW to 200,53MW.

Power production of Smgla wind park
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40
30
20
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0

) \%@ RN R

e 150,4MW === 200,53MW estimate 14

Figure 12 Power productionof Smgla wind park
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3.2Fuel cell

The optimal fuel cell size based on the paction year 2015 is 4,66MW[27]. Ater this point there is
not any gain of having higher capacity ahe fuel cell. This is shown irFigure 14. Inthis figure we can
see that the pecentage gain from fuel cell has a steep climb twer fuel cell size from 1 to 5 MWand
then flattens out after SMW. The size that has been chosen in this thesis is 4,66MW. This gave and
average pover from the fuel cell of 1,558MWh[27] throughout the year. On this production levghe
hydrogen produced by the alkalineslectrolyzer throughput the year is fully utilized. The production
data that wasused for this isat 31.12.15 at 19:0F-igure 13 shows how the tank level decreases ahe
end of the year by choosing a higher fuel cell size.

Tank level ton
400
300
200
100

Figure 13 Tank level (ton)

Fuel cell utilization and storage

400
350
300 80,00%
250
200
150 40,00%
100

50

0 0,00%
1 2 3 4 5 6 7 8
Fuel cell sice in MW

100,00%

60,00%

20,00%

Ton hydrogen stored
Fuel cell utalization

Figure 14 Fuel cell utilization and storage
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3.3Compressor

In order to get the desired pressure for the hydrogen gast is necessanto install a compressor. The
pressurethat has been used in this thesis is 8bar[28]. When increasing the pressure of hydrogée
need of storage tank size iseduced, but it will in addition also lower the overall efficiency of the
system. The compressor efficacy is calculated based on forrawhich give the total work done for
compressing the gas from 0,02 bar into 8 bar. 0,02 bar is the pressure from hydrogen gas from the
alkaline electrolyzer.

O EYYREL AT (3.2)

oL sy p 20 L BA g0 QeopR poe %p p ET OlpA w¥-E (3.3)

— Tt X (3.4)

The alkalineelectrolyzer use 3,17days with maximum production of 50MW to fill up the tank. This

has been used for calculating the efficiency of the compressor. The compressor usé38087kWh for
compressing all the gas from 0,02bar to 8 bar. When dividing that with the power usage from the
electrolyzer it shows a loss of 4,71% in the compression process. Tis gives a factor for the calculation
of 0,95.

3.4 Tank size

When increasingthe power production by 50,13MW then there is time period when there is grid is
fully utilized. The hydrogen tank is designed to store all of the excess energy into hydrogéime tank

is taken into account that there is loss irlectrolyzer and compressor.The effectiveness of the
electrolyzer has been calculated to 68,1%as shown in equation 2.9and the compressor to 95%as
shown in section 3.3. The tank level also takes into account that the fuel cell effectivenesatis
55%[15]. This means that it wil use 1,818 more hydrogen to produce the desired power as shown in
equation 3.5 The need for tank size is varying between the year, this is shown in figure 3%ese the
average need for tank size is illustrated. The size that has been used in this ikés calculated based
on the maximum need for storage which is 79,19ton of hydrogen. This dat@ppened on20.02.15.
Figure 15 shows the average level each month.

— pPwpy (3.5)
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Average hydrogen tank level ton
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Figure 15 Average hydrogen tank level (ton)

3.5Energy loss ielectrolyzerand compressor

The choicesof the different sizes of the components usd in the system is based othe condition that

the peak power generation will at time reach 50MW over the grid capacifynd that the average

power generation over one year is 60,98MWn order to store the extra capacitywhen wind speed is
nominal, the electrolyzer has been set to be 50MW size. This would make the system able to store this
energy into hydrogen. Since the effectiveness of is 68,1% then takectrolyzer the maximum energ

that could be converted into hydrogen would be 30,6 1MW for every 50MW supplied. For the
compressor the effectiveness is 95%. This leaves 32,35MW left that would be converted to hydrogen
for each 50MW supplied, after going through the alkalinelectrolyzer and the compressorThis is

shown in equation 3.6 and 3.7.

T yputiw oMo ® (3.6)
Mwromd o oo (3.7)

3.6 Fuel cell hydrogen usage

The optimum hydrogen usage for the fuel cell is 3,42 to® per day, as shown inequation 3.1Q This is
calculated based on energy produceffom afuel cell size o4,66MW, with one full day production.
This isshown in equation 3.8 The energy supplied by the fuel cell is calculated by use of Gibbs free
energy of 237,13Kj/mole O [13], as shown inequation 3.9 Since the PEM fuel cell used in the
Simulink simulation is set to 54% effectivenesshe total 'O needed for the system to produce the
desired power of 4,66MW is 6,634toriO as shown in equation 3.10 and 3.11

thy§ Oz2—2¢1 '@ z— Tmcopmi Tgoeppéomm (3.8)

=

PowXpidé o (3.9)

¢
y
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The mole weight if one hydrogen is 1,008gram[14:288k0 the weight of 2 hydrogen mole are
2,016gram perO.

POwXpideE d’CQZﬁ— ctccREnolt 0¢ £'O0 (3.10)

— ohp ot ¢ &0 (3.11)

Since the fuel cell would use excess hydrogen to produce heat instead of electric potiee system
has implemented saturation block to prevent this. The combinedjas law has been used to calculate
the needed hydrogen usage for the PEM fuel cell.

The optimum energy that the fuel cell can prducing is 237,13kj per mole ofO, The total energy input
from 'O is 285,83kj per mole and the extra 48,7 Kj will produce heat in the fuel cell as shownHRigure
10. The flow rate has been restricted to 85,24Ippand with hydrogen density of 0,08375g/1[14], this
gives an daily usage o with 100% production of 6,29ton per day, as shown inequation 3.11.

The fuel cell is calculated to be 55008,29,22 litre per min as shown @guation3.13. Since the flow
rate in the simulation file is scalel down by a factor of 93,2the flow rate that isused for simulation
590,22 litres"O per min as shown inequation 3.16.

o - z (3.12)
h z z T v U TTRT g QR @ QE FAQ (3.13)
i L W @ QA @ QE 6 6 Q (3.14)

=xj

The combined gas law[30:157], shown ifiormula 3.15, is used for calculate the volume change when
adjusting the pressure to 8 bar and temperaturéo 50°C in the fuel cellThis formula was usedfor
converting the flowrate, depending on the density. The calculation is based on that the fuel cell
working temperature is 60°C. Since the flow rate from ecation 3.13 is based on hydrogen density at 0
bar and 0°C, then formula 3.15 was used for correcting the flow rat8ince the volume is varying with
the temperature and pressure the actual flowrate has been calculated to 87,29 as showrequation
3.16.This flowrate has been used as restriction in simulation.

z z

(3.15)

L Wt Q@ QA VWi Qe FO-Q—2——  Ylg W QA @ik 'QE 6 0 Q(3.16)
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3.7 Sinulink model

== Power from wind turbines
Wind power
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PEM fuel cell and MPPT Controller Alkaline electrolizer

Figure 16 Overviewof Simulink system

Figure 16 shows the overview ofthe Simulink model. It has the new systemmplemented with the
AGEOOET ¢ COEA8 4EA 11 AAT xIipodess the gokeh whidiEiseRteactetl E A
from the wind. If the power measurement are lower than the grid capacity then this activates the PEM
fuel cell. It thenregulates power output from the fuel cell by changing the hydrogen flow. The power
production is activated as long as there is available grid capacity. Theel cell uses DEDC boost
converter for controlling voltage level and to maximize the power production. For integration to the
grid power it uses a 3 phase converter with controllf the power production is higher than the grid

s~ s oA~ A s s £

activated as long as the power production from the wind turbine excess the grid capacity.

The model is scaled down by a factor ef—, so all calculated values are multipdd with 1000 to get
the correct value br the system that is planned oEmgla.

3.7.1Model factor correction

The system in Simulink uses signal builder to simulate powerfrom the wind. This is shown inFigure
17. The signal issimulating wind power, where 1 is 100% of possible powerextracted from the wind,

0,4 is 40% and 0 is 0% extracted. The model is based on a factoref and have to be multiplied with
1000 to get thecorrect value for the project ofSmgla.

19
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Figure 17 Wind power simulation
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3.7.2Master control in Simulink
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Figure 18 Master control Simulink

Figure 18 shows the master control in Simulink. It calculate how much energy that is needed to be
produced by the fuel cell, or how much emgy is needed to be used for hydrogen production by the
electrolyzer. The system calculates the effect based on the maximum grid capacity of 150,4MW. If the
produced energy from the wind are less than 150,4MVWhen the PEMfuel cell kicks in and produces
the remaining energy up to a m@mum capacity of50MW. If the energy from the wind ishigher than
150MW, the electrolyzer kicks in and use the extra energy to produce hydrogen.

3.7.3Alkalineelectrolyzerin Simulink

There was not any integratecelectrolyzer in Simulink, so this has been built up based on a
publishment from Ursu “a et al.®(Hydrogen Production From Water Electrolysis: Current Status and
Future Trendsd26]. This shows themeasurement of Iz V curve for one alkaline electrolysis cell. The
I-V curve was extracted to excel, which has the built in function for showing function of any graph. The
function from the graph is shown informula 3.18. This function is used in Simulink to calculate the
current level based on voltage levelAn overview over the electrolyzer is shown inFigure 19.

It is connected to the grid with a transformer. Theslectrolyzer has a resistor to sinulate the
resistance thecells hasin the electrolyzer. The hydrogen production is based on currerdas shown in
formula 3.19.This is implemented the simulation model as shown oRigure 20 The formula is used to
calculate the amount ofO that is being produced by the alkalineslectrolyzer

Toregulate the voltage it uses &duck converter to reduce the DC voltage into desired value for
hydrogen production. It uses aclosed loop controlfor regulating the desired power consumption. This
reference signal comedrom the master controller, which regulated the consumptionup to a
maximum of 5013kW. This is later scaled up to give the correct size of 50,13MW.
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Figure 19 Alkaline electrolyzerin Simulink
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Figure 20 Alkaline electrolyzer hydrogen flow rate calculation
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Figure21 V/I curve alkaline electrolyzer [265]
Figure 21 shows current voltage characteristic of aralkaline electrolyse cell found in a different
study[26]. The measurement from this studyhasbeen manually put into excel vinere the voltage and
current levels havebeen adjusted to match a 50,188V size electrolyzer. The total number of cells
chosen is 9@. The number of parallel cells is chosen to 4580 the voltage level is 450 times higher
than for one cell shown inFigure 21. The number of serie®f cells has been chosen to be 450. The cell
number is set to have the workingarea of the alkalineelectrolyzer at 50kW after formula 3.1. The
polynomic trendline from Feil! Fant ikke referansekilden. showing the relationship between
current and voltage in the 50,13kWelectrolyzer. The hydrogen production @pendson the current
flow in the electrolyzer cell as shown in formula 3.2. By adjusting the voltage level marked as X in
Figure 22, the current flow and thereby the hydrogen flow is adjusted.

0 ®z0 (3.17)
Formula 3.18 is used to calculatéhe current flowing through all of the cell

nmmne® AA th gye@ AA p ¢ oy (3.18)
Formula 3.19 is used tacalculates the flow rate in0 & 7Q

,_h

N - 2 g @ T TUHY P Prito T —— z zg @ 1 13.19)

The flowrate is multiplied with factor shown in 3.20. This gives the output in Kg hydrogeper
minutes.
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3.7.4The boost controller

The input voltagew "8nd input current "Oare varying, it is important with control of the switching
frequency of the IGBT for maintaining a stble voltage for DCAC inverter.

zp 11 TATE Q@ O OZETH P w 62 (3.20)
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Figure 22 Current voltage characteristic of alkaline electrolyse
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Figure 23 Boost conveter, operation waveform under continues mode[20:47]

3.7.5Maximum power point tracking

This is a techniguethat is used in wind turbines,photovoltaic solar systemand fuel cellsto maximize
power generationwith changingload condition.[24:20].

Current voltage characteristic
alkaline electrolyser
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Figure 24 MPP fuel cell

Figure 24 showsthat the maximum power from the graph is when current isp 1T &nd voltage is
¢ ¢ v GtAeRotal power output isu Tt E. This only happens when the fuel cell system isnder
nominal condition shown onFigure 25. Since the power produed by the fuel cell are varies
depending on how much poweiis extracted from the wind, thenMPP point will change. By
implementing the incremental conductance methodlescribedclosed in the next chapte the

maximum power point isfound. This is used lg a closed loop system which monitorshe voltage and

current signal and calculate the pait where the power extracted ison the maximum.

Stack voltage vs current

900
800
700
600

Voltage(V)

500

400
0

50 100 150 200 250 300
Current(A)
Stack power vs current

150 ! | | | !

: : : : ; 120 [4KW)
L R w e -

Power( ki)

| | |
0 50 100 150 200 250 300
Current(A)

Figure 25 Stack voltage vs current
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Figure 26 shows how the maximum power pointwhich is when the derivative of power divided by
the derivative of the voltageis equal to 0.

Incremental Conductance MPPT
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Figure 26 Incremental conductance MPPT
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3.7.6 Incremental conductance meth¢2fl: 143-145]
For fuel cellarray, power equation can bewritten as:

0 ©z'0 (3.21)

Where P=stackpower, V=stackvoltage and Isstack current

By differential, with respect to V, and by using differential rule for product where:

W ov (3.22)
This gives formula 3.23
W OUL Ov (3.23)

By defining the following formulas.

0 ® (3.24)
6 O (3.25)
w QU (3.26)

we get:
Q0 QD "BQUL (3.27)

By dividing formula 3.10 on both side with'Q bwe get:

z

O (3.28)
From Figure 26 it shows that the maximum power is when:

— m (3.29)
By combining formula 3.11 and 3.12 we get the following formula.

- - (3.30)
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3.7.7Simulink boost controller

This block controlsthe voltage and pulse®f the IGBT sdhat it would give the maximum power point
tracking described in previous chapter.

Figure 27 Boost controller

MPPT  Discrete-Time

]>=
Gain Integrator Delta_D
Cl

Figure 28 Inside boost controller

Figure 27 shows the input for controlling the boost converter with pulses, it uses the current and

voltage from thefuel cell. Figure 28 shows further how the signalsare processed.Both current and

voltage arechanged to magnitude and phase iRourier block. This gives the output in the form[23:
MO — B GpoéE] ¢t oGl TE] O (3.31)

n =1 corresponds to the fundamental component

& Nd (3.32)
0 Ho GF — (3.33)
Where:
@ -, CcCAT & o (3.34)
@ -, (eord) mo (3.35)
Y - —— mai  (3.36)

27



R[] UNIVERSITY OF AGDER

Since we need the derivative of the function we udermula 3.34 and 3.35as shownin Figure 29, we

get;
G ¢z C¢ATH ®o(3.37)

G ¢z (eOFd] Mo (3.3)

Figure 29 Fourier

By taking the different angle and multiplying by

Al — (3.39)
we get the real value of

— (3.40)
The next part is to add:

- (3.41)
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